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ABSTRACT
We present a study of the star-formation rate (SFR)-density relation at z ∼ 0.9 us-
ing data drawn from the Observations of Redshift Evolution in Large Scale Environ-
ments (ORELSE) survey. We find that SFR does depend on environment, but only for
intermediate-stellar mass galaxies (1010.1 < M∗/M < 1010.8) wherein the median SFR
at the highest densities is 0.2 − 0.3 dex less than at lower densities at a significance
of 4σ. Interestingly, mass does not drive SFR; galaxies that are more/less massive
have SFRs that vary at most by ≈ 20% across all environments showing no statis-
tically significant dependence. We further split galaxies into low-redshift (z ∼ 0.8)
and high-redshift (z ∼ 1.05) subsamples and observe nearly identical behavior. We de-
vise a simple toy model to explore possible star-formation histories (SFHs) for galaxies
evolving between these redshifts. The key assumption in this model is that star-forming
galaxies in a given environment-stellar mass bin can be described as a superposition
of two exponential timescales (SFR ∝ e−t/τ): a long−τ timescale with τ = 4 Gyr to
simulate “normal” star-forming galaxies, and a short−τ timescale with free τ (between
0.3 ≤ τ/Gyr ≤ 2) to simulate galaxies on a quenching trajectory. In general we find
that galaxies residing in low/high environmental densities are more heavily weighted
to the long−τ/short−τ pathways respectively, which we argue is a signature of environ-
mental quenching. Furthermore, for intermediate-stellar mass galaxies this transition
begins at intermediate-density environments suggesting that environmental quenching
is relevant in group-like halos and/or cluster infall regions.
Key words: galaxies: evolution – galaxies: groups: general – galaxies: clusters: general
– techniques: photometric – techniques: spectroscopic
1 INTRODUCTION
One of the most sought after topics in the field galaxy evolu-
tion is determining how galactic environment regulates star-
∗E-mail: atomczak724@gmail.com
formation in galaxies and how this changes over cosmic his-
tory. Efforts over the past several decades have found that
there is no simple solution to these questions, but have in-
stead revealed that there are many nuances that govern this
aspect of galaxy evolution. This has led many investigators
to take a reductionist approach to the subject by studying
© 2018 The Authors
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general trends in galaxy properties as a function of envi-
ronment one by one. To cite a few examples from the lo-
cal universe, galaxies in higher-density environments have
been observed to more frequently have elliptical morpholo-
gies (e.g., Dressler 1980), have older stellar populations (e.g.,
Smith et al. 2006; Cooper et al. 2010), have redder colours
and higher stellar masses (e.g., Hogg et al. 2004; Kauffmann
et al. 2004), and lower levels of star-formation (e.g., Lewis
et al. 2002; Go´mez et al. 2003). While these various prop-
erties can be examined independently they are still inter-
dependent and correlated with each other. In most cases,
the genesis of new stellar populations via star-formation is
at the root as the rate of star-formation in a galaxy has a
direct influence on its stellar mass, mean stellar age, and
colours. Therefore, in this study we will focus on the latter
of these, referred to as the star-formation rate (SFR)-density
relation.
While this picture of “red and dead” galaxies in high-
density environments has been established in the local uni-
verse many studies over roughly the past decade have pushed
towards higher redshifts to investigate how this relation
has evolved over cosmic history. At z & 1.5 several stud-
ies targeting galaxy overdensities have found evidence for
cases where the SFRs of member galaxies are comparable
or enhanced relative to field galaxies (e.g., Tran et al. 2010;
Strazzullo et al. 2013; Santos et al. 2015; Webb et al. 2015;
Wang et al. 2016) indicating that environment did not al-
ways strictly act to quench star-formation. These observa-
tions mainly pertain to cluster cores, in other works cluster
members have shown systematically lower SFRs than simi-
lar mass counterparts among field galaxies at these redshifts
(Noirot et al. 2018). Unfortunately, however, understand-
ing the nature of a transition in the SFR-density relation
and the exact epoch at which it occurs is still debated with
some studies finding positive correlations, some finding neg-
ative correlations, and others no significant correlation at
intervening redshifts (e.g., Elbaz et al. 2007; Cooper et al.
2008; Popesso et al. 2011; Patel et al. 2011; Gru¨tzbauch
et al. 2011; Muzzin et al. 2012; Koyama et al. 2013; Ziparo
et al. 2014; Lin et al. 2014; Darvish et al. 2016). At least
part of the tension among these works can be attributed to
systematic differences within datasets and procedures such
as SFR indicators (e.g. dust-corrected [OII], far-infrared),
range and definitions of galaxy environment, and contami-
nation from active galactic nuclei (AGN). Furthermore, due
to the difficulty in acquiring high quality data (particularly
spectroscopy) for large enough samples to perform statisti-
cal tests many of these studies do not have the luxury of
creating subsamples but instead must make measurements
and statements on the entire galaxy sample they have data
for.
In this work we make use of the Observations of Redshift
Evolution in Large Scale Environments Survey (ORELSE:
Lubin et al. 2009) to explore the SFR-density relation at z ∼
0.9. ORELSE is an extensive photometric and spectroscopic
survey of 16 of the most massive large scale structures (LSSs)
known at 0.7 ≤ z ≤ 1.26. With hundreds of high-quality
spectroscopic redshifts per field these data make it possible
to accurately map out the three-dimensional density field
of each LSS, which reveal a large diversity of substructure
(see Lemaux et al. 2017; Shen et al. 2017; Rumbaugh et al.
2017). Combining with these data far-infrared imaging from
Table 1. Large Scale Structures
Name R.A.a Dec.a 〈zspec 〉b log(Mvir)c
[J2000] [J2000] [M]
RXJ1221 185.3521 94.3036 0.700 14.7
RCS0224 36.14120 -0.0394 0.772 15.0
CL1350 207.7021 60.1186 0.804 14.7
RXJ1716 259.2016 67.1392 0.813 15.3
RXJ1821 275.3845 68.4658 0.818 15.2
SG0023 5.9675 4.3853 0.845 14.4
SC1604 241.1409 43.3539 0.898 15.4
CL1429 217.2767 42.6861 0.987 14.8
XLSS005 36.7904 -4.3014 1.056 14.5
SC0910 137.5983 54.3419 1.110 15.0
RXJ1053 163.4158 57.5883 1.140 14.8
SC0849 132.2333 44.8711 1.261 15.0
a Central coordinates of the main structure in each field.
b Mean spectroscopic redshift of the main structure in each field.
c Total virial mass of the main structure in each field. In many
systems we identify multiple galaxy groups and/or clusters. For
these cases we show the sum of the virial masses of all substruc-
tures.
Spitzer/Multiband Imaging Photometer for Spitzer (MIPS:
Rieke et al. 2004) for measuring SFRs, allows us to carefully
explore the variation of the SFR-density relation across the
full range of environmental densities at these redshifts.
This paper is laid out as follows. In Section 2 we dis-
cuss the data and sample selection, spectral energy distri-
bution (SED)-fitting, and how environment and SFRs are
estimated. Our main results regarding the SFR-density rela-
tion are presented in Section 3 where we look at the SFR-M∗
relation in bins of environmental density as well as specific
star-formation rate (SSFR ≡ SFR/M∗) as a function of en-
vironment and stellar mass. To explain these observations
using a physical picture we devise a toy model which we de-
scribe and discuss the results and interpretation of in section
4. We conclude with a summary in Section 5. All magnitudes
are presented in the Absolute Bolometric system (AB: Oke
& Gunn 1983). Throughout this paper we adopt a standard
ΛCDM cosmology with ΩM = 0.3, ΩΛ = 0.7, and H0 = 70 km
s−1 Mpc−1.
2 DATA AND METHODS
Data used in this work are drawn from the Observations
of Redshift Evolution in Large Scale Environments survey
(ORELSE: Lubin et al. 2009). ORELSE is a panchromatic
photometric and spectroscopic campaign of massive large
scale structures (LSSs) in the redshift range 0.6 < z < 1.3.
The spectroscopic portion has yielded thousands of high-
quality spectra across 16 well-known galaxy cluster fields
(400−1000 per field). In this study we only utilize fields for
which we have far-infrared imaging from the Spitzer Space
Telescope necessary for the estimation of SFRs, reducing the
number to 12. Table 1 lists basic properties for this subset of
large scale structure fields. For a more intensive discussion
of photometric and spectroscopic data we refer the reader
to Tomczak et al. (2017) as here we provide only a brief
summary.
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Figure 1. Spectroscopic redshift (zspec) distributions of all galaxies in the three environmental density bins considered in this work:
low-density (blue), intermediate-density (green), and high-density (red). The total numbers of all galaxies in these samples are 4147,
1078, and 545 respectively. After applying the star-forming selection criteria, as described in Section 2.6, the total numbers of star-forming
galaxies in these samples are 3451, 729, and 229 respectively. The median zspec of these samples are 0.88, 0.89, and 0.84 respectively. While
these redshift distributions are slightly disparate they do not correspond to significant differences in the observed redshift-evolution of
the mean SFR at fixed stellar mass (e.g., Speagle et al. 2014). Nonetheless, we correct for these slight differences in redshift as described
in Section 3.
2.1 Photometry
For the photometric component, deep multi-wavelength
imaging are drawn archival as well as targeted observations
from a wide range of facilities including Subaru, Palomar,
CFHT, UKIRT, and Spitzer. As a result, the photometry is
heterogeneous as the exact combination of bandpasses varies
from field to field. Nevertheless, at a minimum each field
has imaging in at least nine bandpasses spanning 0.4−4.5
µm, which most commonly include B,V, R, I, Z, J,K, [3.6], and
[4.5]. Optical/Near-Infrared photometry (B through K fil-
ters) is measured in fixed circular apertures on images
smoothed to the seeing of the largest point spread func-
tion (PSF) within each field. However, for Spitzer/InfraRed
Array Camera (IRAC: Fazio et al. 2004) imaging we use
T-PHOT (Merlin et al. 2015), a software package designed to
extract accurate photometry in images where crowding is an
issue due to large PSFs. Table A1 in Appendix A lists all
optical/near-IR photometry, including facilities and instru-
ments as well as depth estimates for all fields considered in
this study.
In addition to these data, far-infrared imaging in the
24 µm bandpass from Spitzer/Multiband Imaging Photome-
ter for Spitzer (MIPS: Rieke et al. 2004) were obtained. The
procedure for processing and extracting photometry in these
data are similar to what was done for the Spitzer/IRAC data
as described in Section 2.1 of Tomczak et al. (2017). Data
were downloaded from the Spitzer Heritage Archive1 and
reduced using the MOPEX software package (Makovoz et al.
2006). For each field separately, MOPEX is run on the indi-
vidual corrected basic calibrated data (cBCD) frames. First,
overlapping frames are background-matched using the over-
lap.pl routine which calculates additive offsets among ex-
1 http://sha.ipac.caltech.edu/applications/Spitzer/SHA/
posures. Next, mosaicing is performed using the mosaic.pl
routine which performs interpolation, outlier rejection, and
coaddition of frames. This step also produces coverage and
uncertainty maps that show the number of frames and un-
certainty per pixel respectively, the latter of which is used
with T-PHOT for extracting photometry.
To estimate the depth of these 24µm data we employ
the following procedure. In each image we measure the fluxes
in 1000 randomly placed apertures of diameter d = 10.4′′
(roughly 2× the PSF full-width-half-max) in empty sky
locations. Objects are masked using a segmentation map
generated using the Source Extractor software (SExtractor:
Bertin & Arnouts 1996). We then fit a Gaussian to the dis-
tribution of these fluxes and adopt the standard deviation
as an estimate of the 1σ source detection limit. Finally, we
apply an aperture correction to account for flux that falls
outside of the aperture defined above, which we find corre-
sponds to roughly a 1.7× correction factor. Across all fields
listed in Table 1 we estimate 24µmimaging depths between
30−115 µJy, which roughly correspond to 4−13 M/yr in
terms of SFRIR (see Section 2.7). Note that this does not
limit the present study to these high SFR limits because of
methods described in later sections.
2.2 Spectroscopy
The majority of spectroscopic data used in this study are
taken from the ORELSE survey which utilized Keck 2/DEep
Imaging Multi-Object Spectrograph (DEIMOS; Faber et al.
2003). For a full overview of the spectroscopic targeting and
observations for ORELSE we refer the reader to Gal et al.
(2008), Lubin et al. (2009), Lemaux et al. (2009), and Rum-
baugh et al. (2017)
To summarize, targets for these observations were pres-
elected based on having observed-frame (r ′ − i′) and (i′ − z′)
MNRAS 000, 1–?? (2018)
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colours consistent with the known LSS redshifts. Priority
was given to objects on or near the red sequence with
bluer objects receiving progressively lower priorities. Objects
fainter than i′ = 24.5 were generally not targeted, although
this was not a strict limit. Occasionally multiple objects
would fall into a single slit leading and yield a serendipi-
tous redshift, which account for roughly 3.6% of all spectro-
scopic redshifts. It is worth mentioning that although redder
objects were preferentially targeted the majority of spectro-
scopic targets have blue colours due to the strictness of the
exact colour cuts and lower numbers of red objects. Indeed,
the final spectroscopic sample has been shown to be broadly
representative of the underlying galaxy population in terms
of stellar mass (>1010.2 M) and colours (MNUV −Mr > 2.5)
(see Appendix B of Shen et al. 2017).
In addition to the DEIMOS observations, a notable
number of spectroscopic targets (2273, roughly 39%) used
in this work are drawn from other literature studies (Oke
et al. 1998; Gal & Lubin 2004; Tanaka et al. 2008; Mei et al.
2012) which utilized different telescopes and instruments. Of
these additional targets, the majority (2043) come from the
VIMOS VLT Deep Survey (VVDS: Le Fe`vre et al. 2013) lo-
cated entirely in the XLSS005 field. For galaxies targeted by
more than one survey we adopt the redshift with the higher
confidence, with ties going to ORELSE. Additional informa-
tion regarding spectroscopic observations in this field can be
found in Lemaux et al. (2014).
2.3 Spectral Energy Distribution Fitting
We perform Spectral Energy Distribution (SED) fitting in
a two-stage process. First, we utilize the code Easy and Ac-
curate Redshifts from Yale (EAZY: Brammer et al. 2008) to
estimate photometric redshifts for galaxies that lack spectro-
scopic redshifts. EAZY is able to simultaneously estimate rest-
frame photometry by convolving SED fits with requested
filter transmission curves using either the best-fit zphot or a
provided zspec (when available). We use this feature to obtain
rest-frame (U−V) and (V − J) broadband colours for classify-
ing star-formation activity in galaxies, as well as rest-frame
2800A˚ luminosities (Lν,2800) for estimating unobscured star-
formation rates.
In the second stage of SED fitting we employ the code
Fitting and Assessment of Synthetic Templates (FAST: Kriek
et al. 2009) to estimate stellar masses as well as other prop-
erties of the stellar populations of galaxies. For this we
adopt the stellar population synthesis models presented by
Bruzual & Charlot (2003) with solar metallicity, following
a delayed exponential star-formation history of the form
SFR ∝ t × e−t/τ , assuming a Chabrier (2003) stellar ini-
tial mass function, and allowing for dust attenuation fol-
lowing the Calzetti et al. (2000) extinction law. Similar to
the FourStar Galaxy evolution survey (ZFOURGE: Straat-
man et al. 2016) we allow log(τ/yr) to range between 7 and
10 in steps of 0.2, log(age/yr) to range between 7.5 and 10.1
in steps of 0.1, and AV to range between 0 and 4 in steps
of 0.1. For a more thorough explanation of the SED fitting
protocol used for this study see Section 2.3 of Tomczak et al.
(2017).
2.4 Sample Selection
Galaxies were selected from 12 unique fields, each hosting
a known massive large scale structure in the redshift range
[0.7−1.26] (See Table 1). Across all fields we select galaxies
with secure spectroscopic redshifts between 0.6 < zspec < 1.3,
ensuring that we sample galaxies over the full extent of each
LSS as well as including those in intermediate-density (clus-
ter outskirts, filaments, groups, etc.) and low-density field
environments. Although the estimated stellar mass com-
pleteness limits for these fields range between 109 − 1010.5
M at these redshifts (see Tomczak et al. 2017) we do not
apply a stellar mass cut to this initial sample. Even though
we will be incomplete in terms of numbers, it does not nec-
essarily or immediately follow that our galaxy sample will
be biased in terms of SFR at low stellar masses.
Additionally, we reject galaxies that have been flagged
as having poor photometry based on the methods described
in Section 2.3 of Tomczak et al. (2017). This “use” flag is
designed to identify objects that are poorly detected, satu-
rated, have catastrophic SED fits, and/or likely to be fore-
ground stars. In general, these criteria predominantly apply
to photometrically-selected objects because spectroscopic
targeting, for example, is designed to avoid saturated objects
and foreground stars. Nevertheless, roughly 1.5% of galaxies
with high-quality spectroscopic redshifts are rejected based
on catastrophic SED fits (defined as having χ2reduced > 10).
We also reject galaxies that have been identified as possi-
bly having their optical/NIR SEDs dominated by an active
galactic nucleus (AGN) based on X-ray emission (Rumbaugh
et al. 2017) or radio emission (Shen et al. 2017). It is im-
portant to note, however, that only three fields used in this
study (RXJ1821, SG0023, SC1604) currently have sufficient
radio observations for this classification.
Finally, we require that galaxies have coverage in
Spitzer/MIPS 24µm imaging for estimation of star-
formation rates (see Section 2.7). In Figure 1 we show the
spectroscopic redshift distribution of our full sample of 5770
galaxies split into three environmental density bins defined
in Section 3.
2.5 Estimating Local Environment
We estimate local environmental densities of galaxies using
a Voronoi Monte Carlo algorithm. For a full discussion of the
procedure and tests of its performance we refer the reader
to sections 3.2 and 3.3 of Lemaux et al. (2017) and Tomczak
et al. (2017) respectively. Additionally, in a forthcoming pa-
per we will present results from a series of rigorous tests
aimed at describing the efficacy of tracing large scale struc-
ture using this technique (Hung et al. in preparation).
Briefly, galaxies are partitioned into thin redshift slices,
each spanning 3000 km/s in velocity space and overlapping
by 1500 km/s from slice to slice. For each redshift slice a
projected 2-dimensional Voronoi tessellation is calculated
using the positions of galaxies that fall within it. Local en-
vironmental density is defined as the inverse of the area of a
Voronoi cell multiplied by the square of the angular diame-
ter distance at the corresponding mean redshift of the slice.
These maps are then projected onto a two dimensional grid
MNRAS 000, 1–?? (2018)
SFR−density relations at z ∼ 0.9 5
8.5 9.0 9.5 10.0 10.5 11.0 11.5 12.0
log( M *  / M⊙ )
−0.5
0.0
0.5
1.0
1.5
2.0
lo
g
( 
S
F
R
U
V
+
IR
 /
 [
M
⊙ 
/ 
yr
] 
)
Tomczak et al. 2016
z ~ 0.87
          log(1+δgal) < 0.5
0.5 < log(1+δgal) < 1.0
1.0 < log(1+δgal)
8.5 9.0 9.5 10.0 10.5 11.0 11.5 12.0
log( M *  / M⊙ )
−0.5
0.0
0.5
1.0
1.5
2.0
lo
g
( 
S
F
R
U
V
+
IR
 /
 [
M
⊙ 
/ 
yr
] 
)
Figure 2. Median star-formation rate (SFR) as a function of stellar mass split into three bins of environmental density for all (left) and
star-forming (right) galaxies. Errorbars indicate the 1σ scatter on the median SFR of 1000 bootstrapped realizations of each subsample.
For reference, the gray shaded regions show the field SFR-M∗ relations from ZFOURGE (Tomczak et al. 2016) around the median redshift
the full sample studied here, which should be (and indeed are) comparable to our low-density sample (blue points). For all galaxies the
median SFR at fixed M∗ systematically decreases from low- to high-density environments at all log(M∗/M) & 9.5. However, when
considering only star-forming galaxies (i.e. excluding quenched galaxies) this trend is suppressed, although still tenable at ∼1010.5 M.
This suggests that an increased prevalence of quiescent galaxies in higher-density environments is largely, albeit not entirely, responsible
for the observed anticorrelation between SFR and density at fixed M∗.
of pixels of size 75× 75 proper kpc. The local environmental
overdensity at pixel (i, j) is defined as:
log(1 + δgal) ≡ log
(
1 +
Σi, j − Σ˜
Σ˜
)
(1)
where Σi, j is the density at pixel (i, j) and Σ˜ is the median
density of all pixels where the map is reliable (i.e. coverage
in nearly all images and not near the edge of the detection
image). The local (over)density for a given galaxy is set by
the closest pixel in proximity in the transverse and redshift
dimensions. We find this metric to be strongly concordant
with more traditional metrics such as, e.g., the projected
radial distances of galaxies relative to the centroid of their
nearest group or cluster.
A detailed comparative study performed by Darvish
et al. (2015) tests a variety of environmental density metrics
against simulated galaxy catalogs. The authors find that the
Voronoi tessellation performs among the best at recovering
the true environmental densities. We refer the reader to this
and Muldrew et al. (2012) for thorough tests and discus-
sions of methods for estimating galaxy environment, as well
as Hung et al. in prep for tests related to our methodology
of estimating galaxy environment.
2.6 Classifying Star-Forming and Quiescent
Galaxies
We facilitate this work by separating galaxies into two
classes, star-forming and quiescent, for the purposes of
studying the SFRs of actively star-forming galaxies as well
as quantifying the fraction of galaxies that are quenched.
For this task we make use of the rest-frame (U − V) and
(V − J) colours estimated by EAZY (Section 2.3). This pair of
broadband colours has been shown to be effective at disam-
biguating reddening due to aging versus dust attenuation,
allowing for a robust method of classifying star-forming and
quenched galaxies (e.g., Labbe´ et al. 2005; Wuyts et al. 2007;
Williams et al. 2009). Galaxies are classified as quiescent,
and subsequently removed from our sample, if they satisfy
these criteria: (U − V) > 1.3 ∩ (U − V) > 0.88(V − J) + 0.59.
2.7 Estimating Star-Formation Rates
Star-formation rates are estimated by adding contributions
from obscured and unobscured young stellar populations as
traced by IR and UV emission respectively. We use the cal-
ibration presented by Bell et al. (2005) scaled to a Chabrier
(2003) IMF in this work:
SFRUV+IR [M/yr] = 1.09 × 10−10 (2.2 LUV + LIR) [L] (2)
where LIR is the bolometric infrared luminosity (8−1000µm)
and LUV = 1.5 ν Lν,2800 represents the rest-frame 1216−3000A˚
luminosity, estimated using the methodology described in
section 2.3.
Infrared luminosities are estimated by fitting the IR
spectral template introduced by Wuyts et al. (2008) (here-
after W08) to our measured MIPS 24µm photometry. This
MNRAS 000, 1–?? (2018)
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Table 2. Median SFR-M∗ Relations
Full Sample (0.6 < z < 1.3)
Overdensity log(M∗) log(M˜∗)ALLa log(S˜FR)ALLb NALLc log(M˜∗)SFa log(S˜FR)SFb NSFc
Bin [M] [M] [M/yr] [M] [M/yr]
low 8.25 − 8.75 8.58 ± 0.16 −0.33 ± 0.59 241 8.57 ± 0.16 −0.33 ± 0.48 240
density 8.75 − 9.25 9.03 ± 0.18 −0.00 ± 0.11 779 9.03 ± 0.18 0.01 ± 0.11 773
9.25 − 9.75 9.50 ± 0.18 0.48 ± 0.03 1016 9.50 ± 0.18 0.48 ± 0.03 993
9.75 − 10.25 9.98 ± 0.19 0.93 ± 0.03 866 9.97 ± 0.18 0.97 ± 0.02 780
10.25 − 10.75 10.50 ± 0.16 0.88 ± 0.04 759 10.46 ± 0.17 1.19 ± 0.02 447
10.75 − 11.25 10.91 ± 0.15 0.95 ± 0.03 418 10.88 ± 0.13 1.32 ± 0.04 184
11.25 − 11.75 11.33 ± 0.06 1.13 ± 0.10 51 11.32 ± 0.06 1.53 ± 0.06 17
intermediate 8.75 − 9.25 9.04 ± 0.21 0.22 ± 0.18 127 9.04 ± 0.21 0.31 ± 0.17 125
density 9.25 − 9.75 9.51 ± 0.21 0.61 ± 0.06 179 9.49 ± 0.22 0.65 ± 0.06 168
9.75 − 10.25 9.99 ± 0.18 0.84 ± 0.04 213 9.97 ± 0.18 0.93 ± 0.04 166
10.25 − 10.75 10.48 ± 0.18 0.76 ± 0.10 303 10.47 ± 0.16 1.18 ± 0.03 162
10.75 − 11.25 10.94 ± 0.16 0.83 ± 0.08 190 10.93 ± 0.15 1.44 ± 0.09 67
11.25 − 11.75 11.32 ± 0.07 1.02 ± 0.06 33 11.32 ± 0.06 1.35 ± 0.13 8
high 9.25 − 9.75 9.53 ± 0.19 0.27 ± 0.19 65 9.52 ± 0.21 0.37 ± 0.20 50
density 9.75 − 10.25 10.04 ± 0.16 0.74 ± 0.08 107 10.02 ± 0.15 0.90 ± 0.09 63
10.25 − 10.75 10.54 ± 0.16 0.54 ± 0.04 169 10.55 ± 0.15 0.99 ± 0.11 55
10.75 − 11.25 10.95 ± 0.16 0.68 ± 0.12 135 10.89 ± 0.15 1.29 ± 0.11 30
11.25 − 11.75 11.40 ± 0.12 0.76 ± 0.09 38 11.26 ± 0.01 1.62 ± 0.34 3
a Median stellar mass of all and star-forming galaxies per bin. Errors correspond to the normalized median absolute
deviation (NMAD).
b Median log(SFRUV+IR) of all and star-forming galaxies per bin. Errors correspond to 1σ scatter from 1000 bootstrap
realizations.
c Number of all and star-forming galaxies per bin.
single template has been shown to accurately recover the
average SFR of star-forming galaxies (Muzzin et al. 2010;
Tomczak et al. 2016). These fits are performed by first shift-
ing the W08 template to the zspec of a galaxy and then scal-
ing to match the measured 24µm flux. We then integrate
between rest-frame 8−1000µm and treat this as the bolo-
metric IR luminosity (LIR). The error of LIR is derived by
propagating the error in the 24µm flux.
3 ANALYSIS
To compare galaxies as a function of environment we de-
fine three bins based on the local overdensity metric de-
scribed in Section 2.5. We refer to these subsamples as low-,
intermediate-, and high-density which respectively contain
galaxies having log(1+δgal) < 0.5, 0.5 < log(1+δgal) < 1.0, and
log(1+δgal) > 1.0. The number of total (star-forming) galax-
ies in each of these subsamples is 4147 (3451), 1078 (729),
and 545 (229) respectively. While the specific ranges of these
bins are chosen somewhat arbitrary they do a reasonable job
of separating galaxies based on the cumulative distribution
of log(1 + δgal) within the full ORELSE sample (see Fig.
8 of Shen et al. 2017). Spectroscopic redshift distributions
are shown in Figure 1, from which mild differences can bee
seen. Performing a two-sample Kolmogorov-Smirnov (KS)
test for all pairings we find a maximum p−value of 0.00008,
indicating that all three subsamples are statistically unique
(p < 0.05).
Due to the fact that the mean SFR at fixed stellar
mass evolves with redshift (e.g., Speagle et al. 2014) there
is a potential for bias when comparing the SFRs of galax-
ies among samples with different redshift distributions. To
account for this we make use of work from Tomczak et al.
(2016) (hereafter T16) to derive corrections based on their
parameterization of the mean SFR as a function of redshift
and stellar mass: ΨT16(z,M∗). We set the median spectro-
scopic redshift of the full sample as the “fiducial” redshift
(zfiducial = 0.87) and calculate the median zspec for each 2D
bin of environment and stellar mass. The correction factor is
defined as the ratio between the SFR at the fiducial redshift,
ΨT16(zfiducial,M∗,i), and the SFR at the median zspec of each
environment-stellar mass bin, ΨT16(zmedian,M∗,i), where M∗,i
is the central stellar mass of the bin. Correction factors can
be as large as 24% but are typically low (4% on average).
In Figure 2 we plot the median, corrected SFR in bins
of stellar mass for the three environment subsamples. To
estimate uncertainties we generate 1000 bootstrap realiza-
tions of each environment-stellar mass subsample and cal-
culate the 1σ scatter on the median SFR. For reference we
plot the range of the mean SFR-M∗ relation from T16 at
0.73 < z < 1.13 (the central 1σ spread of our sample). In
general we find a remarkably high level of concordance be-
tween the ZFOURGE field sample and our measurements
for the low-density sample, which should be the most analo-
gous to the ZFOURGE data in terms of environment. When
considering all galaxies we see a strong decrement in SFR
with increasing environmental density consistently for galax-
ies with stellar masses & 109.5 M. However, this effect can
be the result of galaxies having lower SFRs at fixed stellar
mass in denser environments or it could be a reflection of
an elevated fraction of quenched galaxies in denser environ-
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Figure 3. Median specific star-formation rate (SSFR) as a function of local environment for star-forming galaxies split into three stellar
mass bins for the full sample (0.6 < z < 1.3), low-redshift sample (0.6 < z < 0.9), and high-redshift sample (0.9 < z < 1.3). Errorbars
indicate the 1σ scatter on the median SSFR of 1000 bootstrapped realizations of each subsample. For the low- and high-mass bins shown
here SSFR is largely independent of environment. However, at intermediate stellar masses we observe a 0.3 dex decrease between the low-
and high-density subsamples, significant at the ≥ 3σ level in all cases, indicating that environment has a negative impact on the SFRs
of these galaxies. Data from this figure can be found in Table 3, as well as measurements split into low- and high-redshift subsamples
(0.6 < z < 0.9 and 0.9 < z < 1.3, respectively).
ments. To first order we can look into this by remeasuring
these relations for galaxies that are classified as star-forming
based on rest-frame broadband colours (see Section 2.6). If
lower SFRs at fixed stellar mass in dense environments are
primarily driven by increased numbers of quenched galaxies,
then the SFR gradient should decrease or disappear when
excluding quenched galaxies. Indeed we do observe that the
SFR-M∗ relation for star-forming galaxies (right panel of
Figure 2) exhibits a much weaker dependence on environ-
ment, although, still appears relevant at ∼ 1010.5 M. Data
points as well as numbers of galaxies in each environment-
mass bin are given in Table 2.
To look at this more closely, we plot in the left panel of
Figure 3 the median, corrected specific star-formation rate
(SSFR ≡ SFR/M∗) as a function of local overdensity for star-
forming galaxies in three broad stellar mass bins. The central
of these stellar mass bins was chosen to encompass as much
as possible of the SFR difference seen in the right panel of
Figure 2 at ∼ 1010.5 M. Uncertainties are estimated using
the same bootstrapping methodology as mentioned earlier.
We find that at low- (< 1010.1M) and high-stellar masses
(> 1010.8M) the SSFR of star-forming galaxies is largely
independent of environment. However, we see a ≈0.3 dex
decrease in SSFR between the lowest and highest density
environments for intermediate-stellar mass galaxies, signifi-
cant at ≈ 4σ.
We further split galaxies into low- (0.6 < z < 0.9) and
high-redshift subsamples (0.9 < z < 1.3) to see if any of these
trends (or lack thereof) are driven by galaxies at a particular
redshift (center and right panels of Figure 2). The median
redshifts of these subsamples are z = 0.79 and 1.05 respec-
tively which are used as the “fiducial” redshift accordingly
for applying the SFR correction described earlier. In gen-
eral we find that the behavior of the median SSFR versus
Table 3.Median SSFR-Density Relations of Star-Forming Galax-
ies
Full Sample (0.6 < z < 1.3)
low intermediate high
log(M∗/M) density density density
9.4−10.1 −9.00 ± 0.02 −8.95 ± 0.04 −9.05 ± 0.05
10.1−10.8 −9.22 ± 0.02 −9.28 ± 0.04 −9.48 ± 0.06
>10.8 −9.60 ± 0.04 −9.54 ± 0.09 −9.64 ± 0.13
Low-redshift (0.6 < z < 0.9)
low intermediate high
log(M∗/M) density density density
9.4−10.1 −9.08 ± 0.03 −9.02 ± 0.09 −9.12 ± 0.07
10.1−10.8 −9.32 ± 0.02 −9.36 ± 0.04 −9.61 ± 0.09
>10.8 −9.61 ± 0.04 −9.60 ± 0.13 −9.66 ± 0.13
High-redshift (0.9 < z < 1.3)
low intermediate high
log(M∗/M) density density density
9.4−10.1 −8.90 ± 0.03 −8.86 ± 0.03 −8.93 ± 0.14
10.1−10.8 −9.08 ± 0.03 −9.23 ± 0.05 −9.31 ± 0.05
>10.8 −9.54 ± 0.05 −9.47 ± 0.11 −9.39 ± 0.22
Note: SSFRs are in units of log(yr−1)
environment in both the low- and high-redshift bins mirrors
that of the full sample at 3.1σ and 3.9σ significance respec-
tively, modulo a normalization offset of 0.1 − 0.2 dex which
is consistent with the redshift-evolution of the mean SFR-
M∗ relation (e.g., Speagle et al. 2014; Tomczak et al. 2016).
Data points for measurements, as well as the full sample,
are given in Table 3.
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4 A SIMPLE MODEL TO CONTEXTUALIZE
STAR-FORMATION HISTORIES
In this section we describe the framework and results of a toy
model that we use to place qualitative and coarse quantita-
tive constraints on the mean evolution of the star-formation
histories (SFHs) of galaxies in the ORELSE data. Wetzel
et al. (2013) present a formula for the halo radius cross-
ing time (assuming virial equilibrium), which is independent
of host halo mass: tcross ≡ Rvir/Vvir = 2.7 × (1 + z)−3/2 Gyr.
The median redshifts of the high- and low-redshift subsam-
ples considered in the previous section, z = 1.05 and 0.8 re-
spectively, correspond to ≈1.1 Gyr of cosmic time. Because
this timescale is similar to tcross at these redshifts an in-
falling galaxy at z ≈ 1.05 would have time to transition from
the outskirts to the core of a galaxy cluster/group over the
time interval. Therefore, we make the assumption that star-
forming galaxies in all environments at z ≈ 0.8 descended
from star-forming galaxies in the field (i.e. low-density envi-
ronments) at z ≈ 1.05. Thus, we will use the SSFRs between
the two redshift subsamples as metrics to inform and test
this toy model. We will further discuss the effect of this as-
sumption on the model at the end of this section.
We begin by simulating a sample of 10,000 galaxies at
z = 1.05 (the median of our high-redshift bin), sampling
stellar masses > 108.7M from the observed galaxy stellar
mass function of star-forming galaxies (Tomczak et al. 2014;
Leja et al. 2015). This lower stellar mass limit is chosen
so as to include all galaxies that can potentially grow to
M∗ ≥ 109.4M by z = 0.8, ensuring that all three stellar mass
bins from earlier will be complete at this redshift. Next, we
assign SFRs to these galaxies that reproduce the observed
SFR-M∗ relation at this redshift (Tomczak et al. 2016) with
±0.2 dex Gaussian scatter (Speagle et al. 2014). In order
to track the time-evolution of these simulated galaxies we
make use of the Flexible Stellar Population Synthesis mod-
els (FSPS: Conroy et al. 2009; Conroy & Gunn 2010) using
the python-fsps code written by Foreman-Mackey et al.
(2014). For these stellar population models we assume solar
metallicity, a Chabrier (2003) stellar IMF, no dust attenua-
tion, and exponential SFHs of the form SFR ∝ e−t/τ . We run
several realizations of the model where for each realization
all 10,000 galaxies are assigned the same value of τ from the
set [0.3, 0.5, 0.75, 1, 2, 4, −4] Gyr. Although most of these
values for τ correspond to declining SFHs we include one ris-
ing SFH (τ = −4 Gyr) which some studies have found may
be more representative of low-stellar mass galaxies at these
redshifts (e.g., Tomczak et al. 2016; Scoville et al. 2017).
Once a value of τ is chosen for a galaxy we check to
make sure that the required formation time to produce its
stellar mass is not greater than the age of the universe at
z = 1.05, as this would be unphysical; such galaxies are not
included in the simulation. In practice the required forma-
tion time for the vast majority of galaxies is well within this
constraint. It only comes into play for the τ = 4 Gyr and −4
Gyr realizations of the model where it predominantly affects
galaxies that are > 2σ below the mean SFR-M∗ relation ac-
counting for < 0.1% and 4.5% of the full sample respectively.
We therefore neglect the effect of these galaxies given that
they are so rare as to have no significant impact on the final
result. A schematic illustration of this model is shown in
Figure 4.
4.1 Evolution of Median SSFR of Simulated
Galaxies
For each value of τ we calculate the median SSFR at z = 1.05
and 0.8 in each of the three stellar mass bins explored in
the previous section. Results are shown in Figure 5. In this
calculation we only include galaxies that are classified as
star-forming based on the rest-frame (U − V) and (V − J)
colours reported by the FSPS models and the same selec-
tion criteria that were applied to the ORELSE galaxies (see
Section 2.6). Realistic colour evolution of the FSPS models
is demonstrated by Conroy & Gunn (2010) through a com-
parison with observations of local stellar populations. Fur-
thermore, because the rest-frame (U − V) vs. (V − J) colour
selection method is generally insensitive to dust reddening
we are confident that the classification of simulated galaxies
is comparable to observed galaxies. Note that the τ = 0.3
Gyr realization is not plotted in Figure 5 because all star-
forming galaxies at z = 1.05 with this rapidly-declining SFH
become classified as quenched by z = 0.8.
For star-forming galaxies with high stellar masses
(>1010.8M) the median observed SSFR is independent of
environment and displays a marginal decrease (. 0.1 dex)
between the two redshift bins. Note that there is a larger
difference of ≈0.2 dex between the highest-density environ-
ments, but these measurements are poorly-constrained as
they are based on only 27 galaxies and are statistically
consistent with no evolution. Comparing against the toy
model, this observation is best reproduced with long e-
folding timescales (τ & 2 Gyr).
Low-stellar mass (109.4 < M∗/M < 1010.1) star-forming
galaxies show a slightly different picture. Observationally,
the median SSFRs of these galaxies show no statistically sig-
nificant dependence on environmental density and are con-
sistent with a uniform drop of ≈0.2 dex between the two
redshift bins considered here. Curiously, this SSFR decre-
ment is overproduced by all exponentially-declining SFHs
and is rather best reproduced by a rising SFH with τ = −4
Gyr. Although SFRs are increasing in this realization of the
model, the stellar masses of lower-M∗ galaxies are increasing
more rapidly leading to a net decrease in the bulk SSFR. At
first this may seem somewhat paradoxical as the cosmic SFR
density (SFRD) is decreasing at z ∼ 1 (e.g., Madau & Dickin-
son 2014); however, galaxies in this stellar mass window only
account for roughly one third of the total SFRD, therefore
it is possible for their mean SFR to be constant/increasing
so long as other more massive galaxies’ SFRs are decreasing
to compensate. Indeed, rising SFRs at low stellar masses
are also seen in SFHs which are constructed by “integrat-
ing” along the mean SFR-M∗ relation (Speagle et al. 2014;
Tomczak et al. 2016).
Arguably most interesting, however, are the
intermediate-M∗ galaxies (1010.1 < M∗/M < 1010.8)
which show a statistically significant anticorrelation be-
tween median SSFR and environmental density in both
redshift bins. The magnitude of this difference is ∼0.2−0.3
dex between the lowest- and highest-density environments
and is found at a ≥ 3σ significance in both cases. It is
important to remember that this measurement is based on
galaxies that were pre-selected as star-forming (see Section
2.6) and is therefore not a reflection of a higher proportion
of quenched galaxies in high-density environments. This
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Figure 4. Schematic illustration of the model described in Section 4. A sample of 10,000 simulated galaxies are generated and assigned
stellar masses and SFRs that best reproduce the observed galaxy stellar mass function and SFR-M∗ relations at z = 1.05. We run several
realizations of this sample, each time enforcing that all galaxies follow an exponential SFH (SFR ∝ e−t/τ ) for each value of τ in [0.3, 0.5,
0.75, 1, 2, 4, -4] Gyr. An example is shown in the top panel which plots these SFHs for a galaxy with M∗ = 109.8 M and SFR = 5 M/yr
at z = 1.05. We then use the FSPS models to infer stellar mass growth and the evolution of the SED as a function of time. The two
bottom panels show snapshots of these simulated galaxies in the SFR-M∗ plane at z = 1.05 and 0.8 for the τ = 0.75 Gyr realization.
Vertical gray lines delineate the stellar mass bins considered in this study. Blue and red points in these panels correspond to galaxies
classified as star-forming and quiescent respectively as defined by their rest-frame (U −V ) and (V − J) colours (see Section 2.6).
necessarily implies that environment exerts a non-negligible
influence on the SFHs of these galaxies. Within our model,
under the premise that all galaxies in a given stellar mass
bin have identical SFHs characterized be a single τ, the
median SSFR of intermediate-M∗ galaxies in low- and
intermediate-density environments are best reproduced
by the τ ≈ 2 Gyr realization, whereas in high-density
environments this timescale is a factor of two lower.
However, the exact nature of an environmental influence
can be complex and governed by multiple non-linear and/or
codependent mechanisms such as galaxy-galaxy mergers,
tidal interactions, bursts of star-formation, etc. For instance,
using cosmological N-body simulations and subhalo abun-
dance matching Wetzel et al. (2013) explored quenching
pathways of galaxies as a function of environment and stellar
mass. They find that in the most massive host halos (≥1014
M), intermediate-M∗ quiescent galaxies predominantly ex-
perience their “quenching event” within their current host
halo (≈ 50%), although a reasonable proportion experience
preprocessing (≈ 30%) where quenching occurs in a galaxy
group environment prior to infall into a more massive halo.
These different pathways are likely to exert different quench-
ing mechanisms on galaxies. In the remaining sections we
attempt to investigate some of these pathways.
4.2 Quiescent Fractions of Simulated Galaxies
Galaxies do not remain star-forming forever. Indeed, a
galaxy with τ = 0.1 Gyr is expected to have rest-frame
colours consistent with quenched galaxies after only ≈0.4
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Figure 5. Top row: Median SSFRs of star-forming galaxies as a function of environment. Each panel corresponds to one of the stellar
mass bins from Figure 3 as indicated in the bottom-left corner. Upward-facing triangles with solid lines correspond to the high-redshift
bin (0.9 < z < 1.3) whereas downward-facing triangles with dashed lines refer to the low-redshift bin (0.6 < z < 0.9). Bottom row: Median
SSFRs of simulated star-forming galaxies in the same stellar mass bins as above at z = 1.05 and z = 0.8 (see Section 4 and Figure 4 for
a details on the simulation). Galaxies with rest-frame colours consistent with quenched systems are removed from this portion of the
analysis. Different colours correspond to different realizations of the simulation in which all galaxies follow an exponential star-formation
history of the form SFR ∝ e−t/τ adopting different values of τ as indicated in the legend. Tracks for τ = 0.3 Gyr are not shown because
all galaxies in this realization become classified as quiescent at z = 0.8. As can be seen, long−τ models (τ & 2 Gyr) are generally the best
reproducing the observed drop in the median SSFR at nearly all stellar masses and environments at z ∼ 0.8. However, the larger SSFR
decrement observed for intermediate-M∗ galaxies in high-density environments is better reproduced by the τ = 1 Gyr model (assuming
that z = 0.8 star-forming galaxies in high-density environments descend from z = 1.05 star-forming galaxies in low-density environments).
Gyr (Moutard et al. 2016). As mentioned earlier, we track
the evolution of the rest-frame (U − V) and (V − J) colours
of simulated galaxies for the purpose of identifying at what
times they would be classified as “star-forming” versus “qui-
escent”. This naturally yields predictions for the quiescent
fraction ( fq) which can be compared to observations. In Fig-
ure 6 we illustrate how we estimate quiescent fractions in our
toy model in the same stellar mass and environmental den-
sity bins as in Figures 3 and 5. Because the typical stellar
mass completeness limit for maximally red (e.g. quenched)
galaxies in our imaging data at the LSS redshifts is around
1010M (see Section 3.1 of Tomczak et al. 2017) we restrict
the remainder of our analysis to the two higher stellar mass
bins (M∗ > 1010.1M) where we are complete for all types of
galaxies.
Note that up to this point the model has only simu-
lated the subpopulation of star-forming galaxies at z = 1.05;
therefore, the resulting quiescent fractions at z = 0.8 will
only include galaxies that quench their star-formation over
the ≈ 1.1 Gyr time interval between these redshifts. We refer
to these galaxies as “newly-quenched” and plot their fraction
as a function of stellar mass in the leftmost panel of Figure
6. As can be seen, in the shortest τ realization (0.3 Gyr) all
galaxies which begin as star-forming at z = 1.05 quench by
z = 0.8 whereas in the longest τ realization (4 Gyr) and the
rising SFH no star-forming galaxies quench.
To make these quiescent fractions more representative
of reality we add in galaxies that are quenched at the begin-
ning of the simulation. These“previously-quenched”galaxies
are added so as to reproduce the observed quiescent frac-
tions as a function of stellar mass at z = 1.05. We follow
a similar procedure as described in Section 3.4 of Tomczak
et al. (2017) to directly measure the quiescent fraction of
galaxies. This is done by counting the numbers of galaxies
in the full photometric + spectroscopic ORELSE dataset in
the redshift, stellar mass, and environmental density bins
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Figure 6. A schematic illustration of how quiescent fractions are calculated in the model presented in Section 4. Left: The fraction of
simulated star-forming galaxies that quench over the time interval between z = 1.05 − 0.8 (≈1.1 Gyr) as a function of stellar mass for
each τ realization of the model. We refer to these systems as “newly-quenched” galaxies. Central column: Quiescent fractions measured
from the ORELSE data in the high-redshift bin (0.9 < z < 1.3) in each of the three environmental density bins explored in this study.
Errorbars correspond to Poisson uncertainties. We use these measurements to infer the number of quenched galaxies that should exist at
z ≈ 1.05 in our simulation. We refer to these as “previously-quenched” galaxies and allow them to evolve coevally with the star-forming
population. Right column: Quiescent fraction predictions at z = 0.8 for each realization of the model calculated by combining both groups
of “newly” and “previously” quenched galaxies. Black points with dashed curves show the measured quiescent fractions at 0.6 < z < 0.9.
Note that effects of galaxy-galaxy merging and rejuvenation of star-formation are ignored in this model.
considered here. The central column of Figure 6 shows the
measured quiescent fractions at z = 1.05 which we use to in-
fer the number of quenched galaxies that are not accounted
for at the beginning of the model. A more thorough investi-
gation of the quiescent fraction as a function of redshift, stel-
lar mass, and environment will be presented in a future pa-
per (Lemaux et al. in preparation). Assuming these galaxies
evolve statically, alongside the simulated star-forming popu-
lation, we combine them with the“newly-quenched”galaxies
at z = 0.8 to produce predictions of quiescent fractions for
each τ realization of the model (shown in the rightmost col-
umn of Figure 6).
It is important to note that effects of galaxy-galaxy
merging are not included in this model. Simulations (e.g.,
Hopkins et al. 2010; Rodriguez-Gomez et al. 2015) and ob-
servations (e.g., Lin et al. 2008; Lotz et al. 2011; Man et al.
2016) generally agree that the major merger rate per galaxy
at z ≈ 1 is around 0.1 Gyr−1. This estimate, however, applies
to the general “field” galaxy population and could be a fac-
tor 2× greater in denser environments (Lin et al. 2010). This
could potentially introduce additional systematic uncertain-
ties when comparing to observations, specifically if merging
preferentially “destroys” one galaxy type over another (i.e.
star-forming versus quiescent). The primary challenge in in-
corporating mergers into the toy model is in deciding the
what happens to the resulting, post-merger galaxy. Simu-
lations have shown that mergers increase the efficiency of
star-formation within the associated galaxies (e.g., Cox et al.
2008; Sparre & Springel 2016). However, whether or not this
process accelerates quenching or prolongs the star-forming
state of a galaxy is unclear, especially over the relatively
short (≈ 1 Gyr) timescale considered in this work. Recent
studies have found that mergers can, but do not necessarily
lead to quenching, arguing that post-merger quenching only
occurs in cases where strong AGN feedback processes are in
effect (Pontzen et al. 2017; Sparre & Springel 2017). Even
in cases where post-merger quenching occurs the timescale
is poorly constrained, varying widely between 250 Myr to
3 Gyr. Therefore, in the interest of maintaining simplicity
within the toy model presented here, we have decided to not
implement a strategy for galaxy-galaxy merging.
4.3 Fitting the Model to Observations
As described in the preceding sections, each realization of the
model produces a distinct set of predictions for the evolution
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Figure 7. Quiescent fractions (top row) and SSFRs of star-forming galaxies (bottom row) for each of the three environmental density
bins in the two highest stellar mass bins considered in this study. Black triangles correspond to measurements from the ORELSE data at
0.6 < z < 0.9 with errorbars corresponding to Poisson uncertainties and bootstrapped errors for quiescent fractions and SSFRs respectively.
Results from the model discussed in Section 4 are also shown. Briefly, the model treats all galaxies in a given environment-stellar mass bin
as a linear combination of two subpopulations of galaxies following long−τ and short−τ exponential star-formation histories (SFR ∝ e−t/τ ),
yielding simultaneous predictions for the quiescent fraction and SSFR. Yellow circles and orange squares show results from this model
for each environment-stellar mass bin with best-fit values for the long−τ and short−τ timescales and their respective weights indicated in
the legends. In general there is a transition between a preference for long−τ SFHs at low environmental density to short−τ SFHs at high
environmental density. This transition is most prominent for intermediate-M∗ galaxies (1010.1 < M∗/M < 1010.8) and is even apparent
between the low- and intermediate-density bins, potentially suggesting environmental preprocessing.
of the SSFR and quiescent fraction of galaxies. In Figures
5 and 6 we show these results binned by stellar mass and
environment. Upon careful examination it is clear that no
single τ realization can simultaneously reproduce both the
observed median SSFR of star-forming galaxies and the qui-
escent fraction at z = 0.8 for any environment-stellar mass
bin. This is perhaps not surprising because it would be an
oversimplification to assume that all galaxies, even at fixed
environment and stellar mass, should follow a similar star-
formation history.
Therefore, to add one more layer to the model without
overcomplicating it we assume that star-forming galaxies in
a given environment-stellar mass bin can be described as
a linear combination of two exponentially-declining SFHs.
For brevity we refer to these two subsets as “long−τ” and
“short−τ” galaxies. In all cases we fix the timescale for
long−τ galaxies to τ = 4 Gyr. This rate is broadly consis-
tent with the bulk evolution of the cosmic star-formation
rate density at z ≈ 1 (Madau & Dickinson 2014), therefore
making it a reasonable assumption for a class of “normal”
star-forming galaxies. Nevertheless, our final results are un-
changed if we allow the long−τ value to be a free parame-
ter. Correspondingly, the short−τ galaxies can be thought of
as representing those star-forming galaxies that are in the
process of quenching. For each long−τ/short−τ pair in each
environment-stellar mass bin we identify the linear combi-
nation that minimizes the residual χ2 sum as defined as:
χ2 ≡
(
∆log(SSFR)
σSSFR
)2
+
(
∆log(fq)
σfq
)2
∆log(SSFR) = log
(
SSFRobserved
SSFRmodel
)
∆log(fq) = log
( fq,observed
fq,model
)
where σSSFR and σfq represent the uncertainties on the ob-
served log(SSFR) and log( fq) respectively.
In Figure 7 we show the resulting best-fit linear com-
binations for each of the six bins examined in this por-
tion of the analysis (three bins of environment and two
bins of stellar mass). As can be seen, a simple linear com-
bination of two τ models is capable of accurately repro-
ducing the observations. The largest residuals between the
observations and model for the median SSFR and quies-
cent fraction are 4% and 5% respectively. Even though the
short−τ timescale is allowed to vary, intermediate-M∗ galax-
ies (1010.1 < M∗/M < 1010.8) at all environmental den-
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sities always prefer τ = 0.5 Gyr for the short−τ galaxies.
Furthermore, the relative weights of short−τ versus long−τ
galaxies varies dramatically as a function of environment
shifting from (12%, 88%) at low-density to (42%, 58%) at
intermediate-density to (89%, 11%) at high-density. At face
value these numbers suggest that environmental quenching
(1) is highly efficient for intermediate-M∗ galaxies and (2)
begins to appear at intermediate densities supporting a“pre-
processing” scenario in which some galaxies quench as satel-
lites of halos less massive than the halo they are observed in
(e.g., Wetzel et al. 2013; Hou et al. 2014; Haines et al. 2015).
This picture is similar, though slightly different for galaxies
in the high-M∗ bin (M∗/M > 1010.8). The preferred short−τ
timescale changes as a function of environment and, while
not always best fit by τ = 0.5 Gyr, is still always rapid (≤0.75
Gyr). The variation in the relative weights of short−τ ver-
sus long−τ galaxies is less extreme than in the intermediate-
M∗ bin, but still has similar behavior, shifting from (24%,
76%) at low-density to (31%, 69%) at intermediate-density
to (51%, 49%) at high-density. These numbers suggest that
at high stellar masses environmental quenching is still rele-
vant, though to a lesser degree than for less massive galax-
ies, and that “preprocessing” in intermediate-density envi-
ronments, if present, is much weaker. This is broadly con-
sistent with the findings of Wetzel et al. (2013) where the
authors show that at high stellar masses, galaxies are most
likely to have quenched either prior to infall into a cluster
or within the cluster halo where it is observed whereas less
massive galaxies are most like to quench either via group
preprocessing or within the cluster halo where it is observed
(see their Figure 10).
Results from the toy model are also consistent with envi-
ronmental studies of recently-quenched galaxies, commonly
referred to as “post-starburst” galaxies. The preference for
shorter star-forming timescales towards higher environmen-
tal densities necessarily implies a higher incidence of post-
starburst galaxies in these denser environments. In the local
universe post-starburst galaxies have been shown to predom-
inantly reside in low density environments (e.g., Zabludoff
et al. 1996; Hogg et al. 2006; Wilkinson et al. 2017; Pawlik
et al. 2018); however, this trend reverses at higher redshifts
(z & 0.4) wherein post-starbursts are more commonly found
in higher-density environments (e.g., Dressler et al. 1999;
Poggianti et al. 2009; Yan et al. 2009; Muzzin et al. 2012;
Wu et al. 2014; Lemaux et al. 2017). Two of these studies
(Wu et al. 2014; Lemaux et al. 2017) are based on specific
large scale structures included in the present work.
It is important to reiterate that this model assumes that
star-forming galaxies in all environments at low-z descended
from star-forming galaxies in the field (i.e. low-density) at
high-z. This is based on the circumstance that the length
of the time interval between z = 1.05 − 0.8 is comparable
to the halo radius crossing time which, for example, implies
that a galaxy on the outskirts would have time to migrate
to the core of a cluster. A relevant caveat to note is that
some SF galaxies could have migrated from other environ-
ments (e.g. from intermediate- to high-density) or remained
in the same environment. However, if we also assume that SF
galaxies that spend the longest time in dense environments
will be the first to quench then it follows that the surviving
SF galaxies at low-z would most likely be those that were
accreted most recently, i.e., originated from low-density envi-
ronments (for further discussion see Lemaux et al. in prepa-
ration). Furthermore, this is not a concern for galaxies in the
low- or high-M∗ bins because our measurements suggest that
SSFR is independent of environment for these galaxies (see
Figure 3). On the other hand, for intermediate-M∗ galaxies
this could impose a small systematic bias. If some SF galax-
ies in the low-z bin originated from denser environments at
high-z it would lower the initial SFR. Consequently, this
would lessen the SSFR decrement between the two redshift
bins. In the context of the long−τ/short−τ combination this
would imply either (1) a larger value for the short−τ or (2)
a smaller proportion of short−τ galaxies. However, because
of the quiescent fraction acts as an additional constraint we
suspect that the impact would not greatly alter the results.
5 SUMMARY AND CONCLUSIONS
In this paper we examine the relations between star-
formation rate, stellar mass, and environment for 5770
spectroscopically-selected galaxies at z ∼ 0.9. Galaxies are
drawn from the ORELSE and VVDS spectroscopic surveys
which predominantly probe high- and low-density environ-
ments, respectively. The ORELSE sample is composed of
galaxies from 12 massive (Mvir > 1014.5M) large scale struc-
tures, many composed of multiple galaxy groups and/or
clusters, in the redshift range 0.7 ≤ z ≤ 1.26. Each field has
broadband photometric observations in ≥9 filters which are
used to estimate stellar masses as well as rest-frame (U −V)
and (V − J) colours. Star-formation rates are estimated by
adding contributions from obscured and unobscured star-
forming regions as traced by IR and UV emission respec-
tively.
Environment is measured using a Monte Carlo Voronoi
tessellation technique which is sensitive to the local envi-
ronmental density of galaxies. Using this metric we separate
galaxies into three bins of environment: low-, intermediate-
, and high-density. Among these subsamples we calculate
the median SFRUV+IR as a function of stellar mass. At all
M∗ & 109.5M we see a strong anticorrelation between SFR
and environmental density at fixed stellar mass. However,
when considering only actively star-forming galaxies (i.e. ex-
cluding galaxies classified as quiescent) this difference largely
vanishes, indicating that this effect is predominantly a re-
flection of higher-density environments at z ∼ 0.9 hosting a
higher proportion of quenched galaxies relative to the field.
Nevertheless, even among star-forming galaxies there
still remains a statistically significant anticorrelation be-
tween SFR and density suggesting that environmental pro-
cesses that regulate star-formation are at work. Interestingly,
this residual SFR-density anticorrelation appears to only
affect galaxies with intermediate stellar masses (1010.1 <
M∗/M < 1010.8) whereas lower- and higher-M∗ galax-
ies show no dependence. We find that the median SSFR
for intermediate-M∗ galaxies in the highest-density environ-
ments is a factor of 2× lower than that of their counter-
parts in the field at a statistical significance of ≈ 4σ. These
environmental dependencies and the statistical significance
of this offset remain virtually unchanged when splitting
galaxies into low-redshift (0.6 < z < 0.9) and high-redshift
(0.9 < z < 1.3) subsamples.
To investigate this offset further we create a simple
MNRAS 000, 1–?? (2018)
14 A. R. Tomczak et al.
model with the general concept of evolving a sample of sim-
ulated star-forming galaxies from the high-redshift to low-
redshift bins mentioned above. Simulated galaxies are as-
signed stellar masses and star-formation rates that match
the observed galaxy stellar mass function and SFR-M∗ rela-
tion of star-forming galaxies for the high-redshift bin. We use
the FSPS model library (Conroy et al. 2009; Conroy & Gunn
2010) to track the evolution of galaxy SFRs, stellar masses,
and rest-frame colours in a realistic manner. Adopting ex-
ponential star-formation histories (SFR ∝ e−t/τ) we evolve
this simulated sample to the low-redshift bin assuming dif-
ferent values of the timescale τ and examine the evolution
of the median SSFR and quiescent fraction of galaxies. We
assume that star-forming galaxies can be approximated as a
linear combination of two SFR timescales: a long−τ subset
representing “normal” star-forming galaxies and a short−τ
subset representing those galaxies that are on a quenching
pathway. The value for the long−τ group is fixed at τ = 4
Gyr which is roughly equivalent to the evolution of the bulk
cosmic star-formation rate density at z = 1 (Madau & Dick-
inson 2014). For the sake of simplicity we do not include
galaxy-galaxy mergers as a feature in this toy model given
the complex nature of how star-formation is affected in the
aftermath of a merger (Cox et al. 2008; Sparre & Springel
2016; Pontzen et al. 2017; Sparre & Springel 2017). We fit
this compound model to each environment-stellar mass bin
independently.
In general we find that our observations at low envi-
ronmental densities tend to prefer versions of the model
that are more heavily weighted by the long−τ population
whereas at high environmental densities they tend to prefer
versions more heavily weighted by the short−τ population.
This indicates that environmental quenching is going on at
z ≈ 0.9, i.e. dense galactic environments promote quench-
ing of star-formation at this redshift, consistent with find-
ings from recent studies (Balogh et al. 2016; Nantais et al.
2017). This result is also consistent with studies that show
an increasing fraction of post-starburst galaxies in higher-
density environments at these redshifts (e.g., Dressler et al.
1999; Poggianti et al. 2009; Yan et al. 2009; Muzzin et al.
2012; Wu et al. 2014; Lemaux et al. 2017). Furthermore, this
transition between long−τ to short−τ dominance appears to
occur at intermediate-densities for intermediate-M∗ galaxies
(1010.1 < M∗/M < 1010.8) suggesting that quenching via
“preprocessing” is a relevant mechanism for these galaxies.
This finding is also consistent with recent studies in the low-
redshift universe (Wetzel et al. 2013; Hou et al. 2014; Haines
et al. 2015).
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Table A1. Photometry
Filter Telescope Instrument Deptha
SC1604
B Subaru Suprime-Cam 26.6
V Subaru Suprime-Cam 26.1
RC Subaru Suprime-Cam 26.0
IC Subaru Suprime-Cam 25.1
Z+ Subaru Suprime-Cam 24.6
r′ Palomar LFC 24.2
i′ Palomar LFC 23.6
z′ Palomar LFC 23.1
J UKIRT WFCAM 22.1
K UKIRT WFCAM 21.9
[3.6] Spitzer IRAC 24.7
[4.5] Spitzer IRAC 24.3
[5.8] Spitzer IRAC 22.7
[8.0] Spitzer IRAC 22.6
RXJ1716
B Subaru Suprime-Cam 25.9
V Subaru Suprime-Cam 26.6
RC Subaru Suprime-Cam 26.2
I+ Subaru Suprime-Cam 25.4
Z+ Subaru Suprime-Cam 24.7
J CFHT WIRCam 21.3
Ks CFHT WIRCam 21.7
[3.6] Spitzer IRAC 24.6
[4.5] Spitzer IRAC 24.1
[5.8] Spitzer IRAC 22.4
[8.0] Spitzer IRAC 22.3
SG0023
B Subaru Suprime-Cam 26.4
V Subaru Suprime-Cam 26.2
R+ Subaru Suprime-Cam 25.3
I+ Subaru Suprime-Cam 25.2
r′ Palomar LFC 25.7
i′ Palomar LFC 25.2
z′ Palomar LFC 23.8
J UKIRT WFCAM 21.6
K UKIRT WFCAM 21.6
[3.6] Spitzer IRAC 24.0
[4.5] Spitzer IRAC 23.8
RCS0224
B Subaru Suprime-Cam 26.2
V Subaru Suprime-Cam 26.0
R+ Subaru Suprime-Cam 25.9
I+ Subaru Suprime-Cam 25.5
Z+ Subaru Suprime-Cam 24.9
J UKIRT WFCAM 21.2
K UKIRT WFCAM 21.4
[3.6] Spitzer IRAC 24.0
[4.5] Spitzer IRAC 23.6
Filter Telescope Instrument Deptha
SC0849
B Subaru Suprime-Cam 26.4
V Subaru Suprime-Cam 26.5
RC Subaru Suprime-Cam 26.2
I+ Subaru Suprime-Cam 25.5
Z+ Subaru Suprime-Cam 25.1
ZR Subaru Suprime-Cam 23.5
r′ Palomar LFC 24.7
i′ Palomar LFC 24.4
z′ Palomar LFC 23.3
NB711 Subaru Suprime-Cam 23.7
NB816 Subaru Suprime-Cam 25.9
J UKIRT WFCAM 21.8
K UKIRT WFCAM 21.6
[3.6] Spitzer IRAC 24.8
[4.5] Spitzer IRAC 24.3
CL1429
B Subaru Suprime-Cam 26.7
V Subaru Suprime-Cam 26.2
r′ Palomar LFC 24.2
i′ Palomar LFC 23.5
z′ Palomar LFC 22.7
Y Subaru Suprime-Cam 23.2
J UKIRT WFCAM 21.9
K UKIRT WFCAM 21.7
[3.6] Spitzer IRAC 23.1
[4.5] Spitzer IRAC 23.1
RXJ1821
B Subaru Suprime-Cam 26.0
V Subaru Suprime-Cam 26.0
r′ Palomar LFC 24.4
i′ Palomar LFC 24.3
z′ Palomar LFC 23.3
Y Subaru Suprime-Cam 23.4
J CFHT WIRCam 21.4
Ks CFHT WIRCam 21.7
[3.6] Spitzer IRAC 23.9
[4.5] Spitzer IRAC 23.8
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B Subaru Suprime-Cam 24.4
V Subaru Suprime-Cam 25.6
RC Subaru Suprime-Cam 26.4
I+ Subaru Suprime-Cam 25.8
Z+ Subaru Suprime-Cam 24.8
J UKIRT WFCAM 22.1
K UKIRT WFCAM 21.7
[3.6] Spitzer IRAC 23.2
[4.5] Spitzer IRAC 23.2
a 80% completeness limits derived from the recovery rate of artificial sources inserted at empty sky regions.
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Table A1. − continued
Filter Telescope Instrument Deptha
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i′ Palomar LFC 24.3
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[4.5] Spitzer IRAC 23.7
Filter Telescope Instrument Deptha
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Z+ Subaru Suprime-Cam 25.5
J UKIRT WFCAM 22.3
K UKIRT WFCAM 21.7
[3.6] Spitzer IRAC 23.9
[4.5] Spitzer IRAC 23.4
[5.8] Spitzer IRAC 21.7
[8.0] Spitzer IRAC 21.8
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V Subaru Suprime-Cam 25.8
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[4.5] Spitzer IRAC 23.4
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